AGN jets have an impact on the galaxy that hosts them, and in turn the galaxy can have an influence on the jet itself. In this work, we give a brief overview of previous studies regarding the interaction of an AGN jet and its environment. We then focus on recent results regarding the possibility of stars introducing stellar-wind and ISM material into the jet at the moment of penetration, and on whether this phenomenon can have a significant impact on the jet, be it dynamically or through emission of non-thermal radiation.
Introduction
Galaxies host supermassive black holes in their innermost regions, which may start actively accreting nearby material, thus becoming an Active Galactic Nucleus (AGN). The process of accretion, together with the presence of strong magnetic fields, can trigger the launching of bipolar, relativistic outflows, or jets (e.g. [1] ). In these jets, particles are accelerated up to very high energies, generally resulting in non-thermal emission, particularly in radio wavelengths and gamma-rays. For a general review in the topic of jet formation we refer the reader to e.g. [2, 3, 4] .
These jets can have heights far larger than the galaxy itself, and through their propagation they inevitably interact with a variety of objects present within the host. Particularly, the inner regions of the galaxy are rich in gas, clouds and stars, which may penetrate the jet. Previous works are numerous, and include studies of the interaction between the jet and broad-line region clouds (e.g. [5, 6, 7] ), narrow-line region clouds (e.g. [8] ), stars (e.g. [9, 10, 11, 12, 13, 14, 15, 16] ), and even whole globular clusters (e.g. [17] ).
In this work we review previous results, as well as give a description of the interaction between the jet and any object that may be present within the galaxy. We also provide quantitative estimates of how a population of red giants can interact with the jet of a massive elliptical galaxy as the stars penetrate it. Finally, a discussion is provided.
Obstacles within the jet
Obstacles (i.e. clouds, stars, clusters) that penetrate the jet can mainly result in a dynamical impact in the jet and/or in the generation of non-thermal emission.
Jet Deceleration and Disruption
Jets can be decelerated mainly through exchange of momentum with external matter, which manages to penetrate into the jet. Radio observations show extragalactic jets with morphologies that suggest deceleration: large opening angles, dimmer edges and lower velocities (Fanaroff & Riley I, FR I, [18] ).
As jets propagate through a gas-rich environment, entrainment occurs through mixing in the turbulent shear-layer. In astrophysical jets, turbulence is expected in boundary layers due to the very large Reynold numbers, and later grows both into the jet and into the environment, causing the initially laminar flow to become turbulent. As shown by numerical estimations and simulations, this process can efficiently decelerate a jet (e.g. [19, 20, 21] ).
Numerical simulations also result in the possibility of decelerating the jet significantly through recollimation shocks. The initially overpressured jet expands through the Inter-Stellar Medium (ISM) until it becomes underpressured with respect to it, and then recollimates. Oscillations around pressure equilibrium and the generation of standing shocks lead to mass-loading through entrainment (see e.g. [22] ).
Another possible mechanism of significant jet mass-loading is the interaction with a stellar wind. Young massive stars or red giants continuously lose large quantities of mass through their winds, and if present within the jet in large enough numbers, they can load it enough to result in a dynamical impact (e.g. [23, 24, 12, 16] ).
Gamma-ray emission
Interactions between a cloud or star and the jet may result in acceleration of particles up to relativistic speeds, either through strong shocks or other mechanisms. The accelerated particles then radiate through Synchrotron emission in presence of strong magnetic fields, or inverse Compton (IC) in presence of strong radiation fields.
Focusing on the particular case of stars, particle acceleration occurs in a double bow-shock formed around the point of equilibrium between jet and stellar-wind ram pressures, the stagnation point, R s . For stars with strong winds, the interaction may be sufficient to produce detectable non-thermal radiation.
where P w and v w are the star wind ram pressure and velocity respectively andṀ its mass-loss rate. P j , L j and S j are the jet ram pressure, luminosity and section at a certain height, and c the speed of light.
Previous works have studied stars with heavy mass-loss rates interacting near the base of the jet to explain possible gamma-ray outbursts (e.g. [25, 11] ), or the interaction of whole stellar populations with the jet to explain persistent emission (e.g. [13, 17, 16] ).
Stellar Wind Bubbles
In this work, we focus on a different means of stars introducing material into the jet: bubbles formed by the stellar wind as it accumulates around the star when it moves through the ISM.
When a star moves through the ISM, the stellar wind is in equilibrium with all external pressures present around the star (i.e. ISM pressure, P ISM , orbital pressure generated by its own movement, P orb , jet lateral pressure when approaching the jet, P lat ).
where Γ j is the jet Lorentz factor and ρ ISM the density of the ISM. This pressure equilibrium determines the radius R b , and therefore mass M b , of the bubble of stellar material generated around the star. As the star penetrates the jet, it is impacted by the jet ram pressure, and eventually reaches pressure equilibrium with it. When that happens, the bubble surrounding the star has the size of the stagnation radius. The material contained between these two radii, R b − R s , can be lost within the jet in the form of a blob.
This blob is then impacted by the jet ram pressure and evolves upstreams, heating up and expanding as well as accelerating as described in [10, 26] . In this process, part of the energy of the shock can be invested into the acceleration of non-thermal particles.
Stellar Population and Jet Properties
We focus on a population of red giants present in the bulge of an elliptical galaxy. We model this population exactly as in [16] , taking as reference values those of the well-studied galaxy M87. This population of stars moves within the galaxy with a certain orbital velocity, and penetrates the jet at a rate [25] :
where n s is the stellar number density.
We assume the jet is conical, with a constant half-opening angle that we fix at θ = 0.1, luminosity L j = 10 44 erg s −1 and Lorentz factor Γ = 10. We also take into account that the jet may recollimate at a height in which its pressure is equal to that of the ISM, which we fix at P ISM = 10 −12 erg cm −2 . We also assume the jet points toward the observer, in order to maximize Doppler boosting.
Mass Loading
The jet is loaded with external matter both through the mass-loss rates of stars constantly present within the jet (which we call steady-state interaction, see [16] ) and the bubbles expelled by stars at penetration. The total mass loaded within the jet by the considered population is plotted in Fig. 1 . The mass loaded in the form of bubbles as stars penetrate the jet, both into the shear layer and within the jet, is compared to the jetṀ jet = L j /Γ j c 2 and the mass loaded through stellar winds during the jet-crossing time of the stars. The latter is comparable to the mass-rate of the jet on scales of hundreds of parsec, meaning the number of stars permanently within the jet might be sufficient to affect it dynamically, as was seen by [16] . However, the mass loaded in the form of bubbles is various orders of magnitude lower, and therefore unlikely to result in a dynamical effect on the jet.
Non-Thermal Emission
As the jet impacts the blob, it's accelerated in a characteristic time
where D is a dimensionless parameter related to jet energy and the mass of the bubble:
(see e.g. [26] ) where any subindex "0" refers to the value at z 0 , height at which the star penetrates. If this acceleration time is shorter than the characteristic time of energy losses, t acc t loss , we consider that a fraction of the bubble energy (E b = ηM b c 2 ) is radiated at a constant rate t −1 loss (z). The bubble either emits all its available energy, or escapes the jet in a time t esc ∼ z 0 /c. This results in long-lasting emission, generally dominated by one single event. If we consider emission through Inverse Compton processes, then t acc t IC for all considered situations, which results in luminosities of ∼ 10 40 erg s −1 , for events (i.e. massive bubbles penetrating the jet) that occur a few times per century and last some ∼ 30 yr. For low magnetic fields, synchrotron emission behaves similarly, as the characteristic time of losses is large enough. Through this emission mechanism, luminosities of ∼ 10 42 erg s −1 can be reached, for events that take place a few times per century and last some ∼ 60 yr.
If the acceleration time is larger than the characteristic time of of energy losses, t acc t loss , the energy is radiated rapidly and modulated by the efficiency of acceleration, as described in [26] . This results in flare-like emission, and occurs in the presence of very strong magnetic fields, when synchrotron emission is very intense. The total radiated energy in the synchrotron fast-cooling regime is [25] :
5)
where we takeF e = 0.2 [10] , and F rad is the efficiency with which the particle loses energy through synchrotron radiation. In this scenario, which takes place for strong magnetic fields, we can reach much larger luminosities of ∼ 10 43 erg s −1 , for events that take place a few times per century and last only about ∼ 0.5 yr.
Summary and Discussion
We have described the possibility of stars interacting with the jet through stellar-wind bubbles at the moment of penetration, and given preliminary results for a particular case of red giants within an elliptical bulge.
According to our numerical estimations, this sort of interaction is unlikely to result in a dynamical impact on the jet, as the amount of mass loaded into it is insignificant when compared to the jet mass-rate. The same population of starts would also load into the jet about a factor ∼ 10 4 more mass through their stellar winds during their jet-crossing time.
Our first estimates also suggest that, for the considered jet properties, it is possible to detect the emission generated in this interaction for nearby sources. Depending on the intensity of the magnetic field, it is possible that the synchrotron emission would be flare-like: bright and infrequent; or steady: dimmer and long-lasting, with duty cycles ∼ 1. In the case of inverse Compton emission, we expect steady emission in all cases.
A more detailed study of this phenomenon, including sampling of different jet properties, is presented in [27] .
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